Abstract. Natural-abundance 13C nuclear magnetic resonance spectra of ten common nucleotides in neutral, aqueous solutions have been determined and interpreted. The spectra of two of these substances were also determined in acidic solutions, and several of the carbon chemical shifts were found to depend markedly on pH. Within the limited range of concentrations employed, there were observed no carbon chemical-shift changes which could be ascribed to base-stacking or base-pairing phenomena.
Proton magnetic resonance (pmr) spectroscopy has yielded much information regarding conformation and association through base-stacking of nucleosides and nucleotides.1 The few protons on the purine or pyrimidine rings generally lead to well-resolved and easily interpretable pmr spectra which are dependent upon concentration of nucleotide, pH of the solution, temperature, as well as other factors.2 In some cases, however, the paucity of protons on the purine ring limits the sites at which conformational and/or base-stacking effects can be observed. For example, with guanosine-5'-monophosphate (GMP) there is only one proton (H-8) on the purine ring, and thus the effect of inter-and intramolecular interactions at other sites of the guanine ring cannot be observed.
In the interest of generalizing the applicability of nuclear magnetic resonance (nmr) spectroscopy for study of these phenomena, we have examined the 13C magnetic resonance (cmr) spectra of ten nucleotides (Figs. 1, 2, and 3). The chemical shifts for the carbon nuclei of these substances are tabulated in Table  1 . The spectral data were gathered at 15.1 MHz with the digital-frequency sweep spectrometer described previously,3 using 1-2 Al aqueous solutions and 1 per cent (v/v) p-dioxane as internal standard. The protons were decoupled by noise modulation at 60 MHz.4 The resonances of the ribose carbons fell within the range of 100 to 130 ppm,5 and were relatively independent of the identity or substitution of the purine or pyrimidine moiety. The highest field peak characteristically appeared as a broadened singlet, though in some instances a poorly resolved doublet (J --4 Hz) could be observed. Because whether the pentose fragment is ribose or deoxyribose. Thus, the differences in the pyrimidine spectra of UMP and TMP must result from the presence of the C-5 methyl group in the latter. Comparison of these spectra shows that the peak at 89.9 ppm in the spectrum of UMP is shifted downfield by almost 9 ppm by the methyl group. A downfield shift of this magnitude is typical of a carbon which is directly substituted by a methyl group,9' 10 and this resonance is accordingly assigned to C-.. The peak at 50.4 ppm in the spectrum of UMP, however, appears about 5 ppm toward higher field with TMIP. Such an upfield shift is typical of a #-substituent shift in alkenes,1' thus indicating that these resonances of the spectra of UMP and TMP may be assigned to carbons 6. The remaining two resonances are virtually unchanged in these two spectra.
The assignment of pyrimidine carbons may be completed by comparison of the cytosine and uracil moieties of CMP and UMP, respectively. These differ only in the substitution at C-4, and it might therefore be expected that the C-4 resonances of the two substances would differ more than the C-2 resonances. This suggests assignment of the resonances in the range of 35-41 ppm to C-4, leaving the peaks at 26.3 ppm to be assigned to C-2 by default. However, the work of Grant et al.'1 using pyrimidine nucleosides substituted at C-4 dictates the opposite assignment, and we accept their interpretation.
The assignment of the resonances of the spectra of the purine fragments can be initiated by the utilization of off-resonance proton decoupling,8 12 under which conditions only the quaternary carbon resonances remain uncoupled. The off-resonance proton decoupled spectrum of GMP allows the identification of the resonance of carbon 8, the only proton-bearing carbon in the purine ring. In the remainder of the spectrum of the guanine moiety of GMP, the peaks are c These values are more approximate than the others reported.
of significantly lower intensity than those of the pentose carbons, with the sole exception of the resonance at 38.9 ppm. The latter peak has been assigned to carbon 2, the enhanced intensity of the peak probably resulting from a nuclear Overhauser enhancement13 associated with the protons on the C-2 amine group. The C-2 and C-8 resonances of adenosine-5'-monophosphate (AMP), adenosine-5'-triphosphate (ATP), deoxyadenosine-5'-monophosphate (dAMP), and inosine-5'-monophosphate (IMP) can also be identified by off-resonance proton decoupling. The relatively unshifted peaks in the range 52.6-55.4 ppm are shown by off-resonance decoupling to bear a directly attached proton in all the purine nucleotides, and these resonances are assigned to carbon 8. This identifies by elimination the C-2 resonances of AMP, ATP, dAMP, and IMP. Of the three remaining resonances, all of which arise from quaternary carbons in every purine nucleotide, the highest field is assigned to carbon 5 by analogy to the spectra of the pyrimidines. The general observation that this peak is the least intense and most easily saturated of the spectrum may reflect a generally lower efficiency of relaxation for the nucleus of C-5. The lower field of the two remaining, unassigned peaks is assigned to C-6, which leaves the remaining peak to be attributed to C-4. This assignment requires that the chemical shift of the C-6 resonance is dependent upon the identity of the directly attached functional group (i.e., hydroxyl vs. amine group) and is independent of substitution at C-2. The C-4 resonance, on the other hand, seems independent of the C-6 substituent, being shifted only when C-2 is substituted.
Although these assignments are to some degree tentative, they are supported by some preliminary investigations of the pH dependence of carbon chemical shifts for two of these substances (see Table 1 ). For CMP,-acidification changes only the chemical shift of carbon 1' in the spectrum of the pentose fragment, while all the carbon resonances -of the cytosine ring, except that of C-5, are shifted. The resonances of carbons 1' and 6, which are adjacent only to the basic nitrogen 1, are shifted downfield on acidification. The resonances of carbons 2 and 4, which are adjacent to the more weakly basic nitrogen 3, are shifted upfield by 6 to 8 ppm. From Table 1 it is seen that similar changes occur for ATP. Thus, again with the sole exception of C-5, those carbons adjacent to more weakly basic nitrogens undergo upfield shifts upon acidification, while those attached to the basic N-9 tend to be shifted slightly downfield. However, even these data leave an unsatisfactory uncertainty in the differentiation of carbons 4 and 6 in the purine system, and a secure assignment of these resonances would require study of substituted derivatives which are not presently available.
Preliminary experiments designed to determine the effect of base destacking' on the cmr spectra gave negative results. The spectrum of UMP, for example, was essentially unchanged when a 2 M solution was diluted to I M. Other examples showed little, if any, concentration dependence. Probably our failure to observe concentration effects resulted from the limited range of concentrations over which it is now practicable to determine in a reasonable period naturalabundance cmr spectra. Attempts to measure chemical shifts in solution of concentration equal to or less than 0.25 M were not successful.
Base pairing is known to be important in the maintenance of the helical structure of deoxyribonucleic acids (DNA).'4 15 It seemed possible, therefore, that the mixture of nucleotides containing bases which are known to interact strongly in DNA would show noticeable changes in the chemical shifts of the carbons of the respective nucleotides. The results (Table 2) , however, show the mixtures AMP-TMP, CMP-GMP, and dCMP-dGMP have cmr shifts which are virtually identical with those determined for the separate nucleotides. A mixture of IMP and UMP, which was examined as a control, shows the same result. The failure to observe larger changes may be the result of preferential hydrophobic, base-stacking self-association of the purine bases in these concentrated solutions."6 Study of nucleotides by natural-abundance cmr spectroscopy is clearly feasible, and as future advances in instrumentation permit enhanced sensitivity in the detection of 13C resonance signals, it seems likely that effects of concentration, pH, and temperature on the carbon chemical shifts of nucleotides could afford significant aid to the understanding of inter-and intramolecular interactions in these substances.
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